We implement superconducting YBCO planar resonators with two fundamental modes for circuit quantum electrodynamics experiments. We first demonstrate good tunability in the resonant microwave frequencies and in their interplay as it emerges from the dependence of the transmission spectra on the device geometry. We then investigate the magnetic coupling of the resonant modes with bulk samples of DPPH organic radical spins. The transmission spectroscopies performed at low temperature show that the coherent spin-photon coupling regime with the spin ensembles can be achieved by each of the resonator modes. The analysis of the results within the framework of the Input-Output formalism demonstrates coherent mixing of the degrees of freedom corresponding to two remote spin ensembles and, with a suitable choice of the geometry, the approaching of a regime with spin-induced mixing of the two photon modes.
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Circuit Quantum Electrodynamics (circuit QED) experiments have recently reached the multimode strong coupling regime, in which single qubits are simultaneously coupled to a large number of discrete, spatially separated and non degenerate photonic modes of a cavity [1] [2] [3] [4] [5] . Multiple hybridization of collective spin degrees of freedom provided by spin ensembles with single photonic modes has been also demonstrated [6] [7] [8] . In all such kinds of experiments a crucial role is played by the possibility of tailoring the composition of the coherent hybridization involving multiple microwave photonic modes and spin ensembles, even if spatially separated. This is one of the main requirements for the implementation of schemes for quantum information processing 9,10 or in proposing new circuit QED architectures including auxiliary modes 11 or lines 12, 13 to separate qubit state readout and manipulation from photon storage and coherent operations. In this work we investigate the mode hybridization resulting from the coherent coupling between two spin ensembles of concentrated 2,2-diphenyl-1-picrylhydrazyl (DPPH) organic radical powders and planar superconducting dual-mode patch resonators (DMRs) [14] [15] [16] [17] . These devices display two fundamental resonant modes due to the introduction of symmetry-breaking defects, which lift their degeneracy [14] [15] [16] 18 and allow the achievement of a good tunability of their energy separation. Although DMRs find application as filters or antennas in telecommunications, to our knowledge, they have not been explored yet in the field of circuit QED. Here we focus on superconducting YBCO/Sapphire DMRs with different dimensions and coupling geometry and we characterize the transmission of the system in the framework of the Input-Output formalism. We derive and characterize the composition of the hybridized modes in terms of photonic and spin components as a function of the applied magnetic field and we finally show the achievement of a high degree of multiple coherent spin-photon mixing.
The cross-slotted DMRs under investigation are shown in Fig. 1 . The device consists of a central square patch (5 × 5 mm 2 ), with two perpendicular intersecting slots (200 µm width) of lengths L and L . The microwave (MW) signal (green arrows) is injected and collected through two capacitive coupling gaps (100 µm), which are fed by two on-chip microstrip transmission lines. These are arranged in two different configurations, hereafter referred to as parallel (a) and perpendicular (b). The square patch, the feed lines, and the couplers are obtained by patterning 330 nm thick high-T c superconducting films of Yttrium Barium Copper Oxide (YBa 2 Cu 3 O 7 , YBCO for short) on Sapphire 19 . The transmission spectroscopy at microwave frequencies and at low temperature is performed with the set-up described in 19 . Figure 1(b,d) shows the transmission scattering parameter |S 21 | 20 measured in the parallel and in the perpendicular configuration, at 2 K and P in = −13 dBm, for different values of L . The spectra are characterized by the presence of a microwave photon mode #1, with frequency ν 0,1 ≈ 6.6 GHz, essentially independent on L , and of a mode #2, whose frequency ν 0,2 decreases monotonically with L . In this way a wide tunability of the frequency difference ∆ν = ν 0,2 − ν 0,1 can be achieved, ranging between 100 and 900 MHz in our devices. The transmission spectra obtained in the parallel configuration are characterized by a clear dip between the two peaks which, on the contrary, is absent in the perpendicular configuration ( Fig. 1 ). Input-Output simulations (Eq. 1) of the transmission spectra and electromagnetic simulation of the field distributions 19 show that this difference follows from the different phase values at the capacitive couplers in the two configurations. The field simulations also reveal that the electric and magnetic components of the resonant modes are respectively perpendicular and parallel to the plane of the device. Besides, the maxima of the amplitude of the magnetic field are located at the edges of each slot, and the mode with lower (higher) frequency is mainly localized on the longer (shorter) slot. Furthermore, we note that the use of YBCO makes the mode frequency and quality factor stable with respect to temperature and applied magnetic fields, as previously observed for planar single-mode resonators 19, 21 .
We now investigate the magnetic coupling between the photonic modes #1 and #2 of the DMRs and two spin ensembles of DPPH. These are hereafter referred to as #A and #B, and they are positioned along the slots of length L and L , respectively. Each of the ensembles have dimensions of ≈ 1.2×1×0.9 mm 3 , which correspond to an overall number of spins N 0,tot ≈ 10 18 . We start by considering the DMR in the parallel configuration and with L = 4.4 mm (Fig. 2) , in the case where a single ensemble is placed on the device and positioned to maximize its coupling with the resonant mode. In the presence of ensemble #A, the transmission spectral map [panel (a)] displays a level anticrossing around the resonant field B 0,1 = hν 0,1 /g A µ B , where g A is the Landé g-factor. The transmission spectra at such field (b) shows a clear Rabi splitting, resulting from the coherent coupling between mode #1 and the spin ensemble. Similarly, when only ensemble #B is placed on the resonator, a level anticrossing is observed at the resonant field B 0,B = hν 0,2 /g B µ B (c,d). Hence, the coherent coupling regime is achieved for each of the two spin ensembles and for each of the two modes. When both #A and #B are placed on the resonator, the two anticrossings at B 0,1 and B 0,2 are still visible in the spectral map (e), while a small peak is observed at the intermediate field B 0,3 (f), with a height which is approximately equal to the sum of those obtained with #A or #B alone.
In order to estimate the relevant physical parameters from our experiments, we simulate the spectra within the Input-Output formalism 22 . In the present case, the transmission scattering parameter is given by 22 :
where κ l (l = 1, 2) is the external photon decay rate for mode #l, resulting from the coupling to external feed capacitors and lines, i is the imaginary unit. The coeffi- cients A lm (l, m = 1, 2) are given by:
where ∆ 0,l ≡ ν 0,l − ν, ∆ s,χ ≡ ν s,χ − ν, while γ χ and ν s,χ are the HWHM linewidth and the transition frequency of the spin ensemble #χ, respectively. Finally, κ int,l is the internal decay rate of the cavity mode l, and φ is the relative phase difference between the external couplings of #1 and #2. The parameter estimates obtained for the case of the parallel configuration are reported in Table I . The direct coupling between the spin ensemble #A (#B) and the photon mode #1 (#2) (Ω 1,A , Ω 2,B ≈ 20 MHz) is larger than both the spin (γ χ ≈ 8 MHz) decay rates, confirming that the coherent coupling regime is achieved. Besides, two smaller cross couplings (Ω 1,B , Ω 2,A ≈ 2 − 3 MHz) need to be included in the simulations in order to properly reproduce the experimental results.
Similar behaviors are observed in the perpendicular configuration (Table II and Ref. 19 ). Here, with a DMR with a larger value of L , we additionally test the spatial distribution of the modes by changing the position of ensemble #B along the shorter slot. The coupling between #2 and #B is progressively enhanced as the ensemble is moved from the center to the edge of the slot. The results obtained in the presence of both spin ensembles and with #B positioned at the edge of the slot are reported in Fig.  3 . Two avoided level crossing are visible at the resonant fields B 0,1 and B 0,2 , while an additional peak is observed at the intermediate field value B 0,3 (d). The parameters extracted from the comparison between the experimental and the simulated spectra (dashed lines) are reported in Table II and in Ref. 19 . The values of Ω 1,A and γ A are similar to those obtained in the parallel configuration, and don't change as a function of the position of #B, which affects instead Ω 2,B . The effective number of spins estimated for the experiments of this work are reported in 19 . The cross couplings between cavity modes and spin ensembles in principle allow for a higher degree of coherent mixing in the system modes, with respect to single mode resonators. Hereafter, we investigate such mixing in terms of the composition of the hybridized modes c k = l=1,2 η k,l a l + χ=A,B η k,χ b χ that diagonalize the system Hamiltonian, which takes the form H = k hµ k c † k c k . In Fig. 4 we plot the square moduli of the coefficients η k,l ,η k,χ obtained as a function of the magnetic field from the set of parameters reported in Tables I and II . While in the case of a single spin ensemble coupled to a single resonator mode, the hybridized modes can only undergo a transition from photon to spin, or viceversa, here further possibilities show up. In particular, the mode k = 2 undergoes a spin-spin transition (from #A to #B) at the first resonant field, and one from #A to #2 around the second resonant field, where in fact the two spin modes hybridize with the photon mode #2 [panel (a) ]. An analogous behavior is obtained for the mode k = 3 (b). Conversely, the hybrid modes k = 1, 4 undergo a simple one spin-one photon mode transition at the corresponding resonant fields (see ??). Passing to a DMR with a smaller energy difference between the two modes (c,d), the transitions occurring at the two anticrossings partially overlap and the three-mode mixing occurs at both the resonant fields. Furthermore the system approaches a condition in which a small mixing between the two photon modes occurs due to the presence of the spin ensembles. These results are confirmed by the entropy of the hybridized modes, which quantifies the degree of coherent mixing, and by their spin character 19 . These kind of interplay involving the photon modes are visible in the parallel geometry (Fig. 4.a) . As mentioned, the mode k = 2 displays a transition between the two spin components (ensemble #A and #B) around B 0 = B 0,1 , Here a small contribution of photon mode #1 is also present. Slightly below the resonant field B 0,2 , a new transition between the two spin modes takes place, in which photon mode #2 is now giving a small contribution. Finally, at the second resonant field, the transition occurs between the spin component corresponding to #B and the photon mode #2. Here, although being weakly coupled to Mode #1, ensemble #A has a non negligible effect. Similar considerations hold also for the hybridized mode k = 3 (Fig. 4.b) , for which the role and the interplay of the spin and photon components as a function of the magnetic field is specular. Notably a high degree of spin mixing is reached also for magnetic fields in the range between the two resonant fields of the DMRs. Conversely, in the perpendicular geometry the frequency difference between mode #1 and #2 becomes comparable to the width of the avoided level crossings. This reflects also in the composition of the hybridized modes k = 2, 3 (Fig. 4.c,d ), which still show the specular interplay between two spin and one photonic components. The main difference with respect to the previous case is given by the amount of mixing around the crossing fields. In fact, the two consecutive transitions close to the higher (lower) magnetic field values for k = 2 (k = 3) collapse now at the B 0,2 (B 0,1 ) field.
In conclusion, we have investigated the YBCO dual mode resonators for circuit QED. Both the resonant frequencies and the phases of the coupling to external field modes can be widely tuned by means of the device geometry. The coherent coupling between the spin ensembles is achieved for both the cavity modes. It results in a coherent mixing of the system modes, involving two spatially separated spin ensembles and at least one photon mode. A small -albeit non negligible -mixing between the two photon modes, mediated by the spin ensembles, also emerges. A possible way to enhance this effect might be a further reduction of the asymmetry between the two resonant modes. We finally mention that DMR offer further additional possibilities in the perspective of tailoring the mode hybridization thanks to the intrinsic nonlinearities resulting from the kinetic inductance of the superconductor 23, 24 .
